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Abstract
This project focuses on expanding the reaction scope of the ruthenium (Ru) catalyzed
Alder-ene reaction with both exocyclic enol ethers and simple alkenes. Knowledge gained from
these reactions may be applied to the development of efficient methods for the synthesis of both
oxygen heterocycles and acyclic compounds that incorporate a 1,4-diene unit. Each of the two
double bonds in the diene possesses different reactivity which increases the utility of these
products as synthetic intermediates by allowing for greater versatility in synthesizing natural
product targets.
A breadth of alkyne and alkene couplings were attempted in this project via the Ru
catalyzed Alder-ene reaction. The alkenes varied from an exocyclic enol ether to simple
hydrocarbon structures, and the alkynes tested included both monosubstituted and disubstituted
compounds ranging in complexity. Although the results were mixed, the scope of the reaction was
expanded by trying new combinations of reagents. Most notably, several complex alkynes were
successfully applied in this reaction for the first time.
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Executive Summary

Organic chemistry is the study of carbon-based molecules, or organic compounds. Within
the field of organic chemistry, there is a large interest in synthesizing complex chemical
compounds that are unnatural, or that have been isolated from biological sources. There is a
breadth of such compounds that have been found to possess intriguing biological activity that could
be applied in medicine, agriculture, or cosmetics. The plant and animal sources of these
compounds are sometimes rare and not feasible to use for large-scale production, so organic
chemists seek methods to produce the same compounds in the lab for further testing or application.
To produce these complex compounds and to develop more efficient pathways for their synthesis,
chemists must also work to better understand and improve upon the individual reactions and
methods used.
This project focuses on further development of a particular type of reaction that could be
applied in a larger synthesis, namely the ruthenium (Ru) catalyzed Alder-ene reaction. Organic
complexes containing metals, such as ruthenium, are commonly used as reaction catalysts, which
can improve the rate of the reaction and/or lower the temperature required for reaction. “Alderene” refers to a specific type of reaction capable of joining two compounds, one with a double
bond (alkene) and the other with a triple bond (alkyne). The Ru catalyzed Alder-ene reaction was
initially developed by Barry Trost and his colleagues. Since its discovery, significant work has
gone into expanding the possible reagents and consequential products of the reaction. For example,
the Totah lab proved the feasibility of using a type of alkene structure called an exocyclic enol
ether 1, in the reaction. This general reaction can be seen below.

iii

The reaction above also illustrates that the product that forms depends on how the alkyne
attaches to the alkene; this can produce two different products, referred to as regioisomers. In
synthesis, this poses a challenge since only one of these regioisomers would be needed, meaning
the other product would be wasted. However, regioselectivity has been observed in past studies of
this reaction, favoring one of the products over the other under certain conditions.
One important feature of this reaction is that it reduces waste since a small amount of the
ruthenium complex is used, and it is atom economic, meaning all of the atoms in the starting
materials are conserved in the final product. Additionally, the formation of the carbon-carbon bond
lends to the generation of interesting molecular scaffolds that could be used in synthesizing a
variety of natural products. Furthermore, the products contain a double bond pattern referred to as
a 1,4-diene, in which each of the two double bonds possesses different reactivity. This difference
increases the utility of these products as synthetic intermediates because selective manipulation of
the double bonds allows greater versatility in producing natural product targets.
Overall, the aim of this project was to build off of the previous work that has been done
with this reaction and seek to better understand the types of chemicals we could apply in the
reaction for more diverse products, as well as the selectivity (in any) they might provide. More
specifically, this project focuses on further exploring the reaction scope of the ruthenium catalyzed
Alder-ene reaction with both exocyclic enol ethers and simple alkenes. Knowledge gained from
these reactions may be applied to the development of efficient methods for the synthesis of
complex chemical targets that incorporate a 1,4-diene unit.
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Chapter 1: Introduction
I. Organic Synthesis
Chemical synthesis is the creation of new molecules from pre-existing atoms or molecules.
More specifically, organic synthesis focuses on the construction of carbon-based molecules, which
are crucial to a plethora of fields including pharmacy, agriculture, and cosmetics. 1 The attempt to
synthesize complex molecules can also lead to novel reactions and strategies that propel the field
of organic chemistry forward. Within synthesis of organic compounds, target molecules can be
determined from biologically active natural products, or they can be unnatural compounds of
interest. Natural products are secondary metabolites, rather than primary metabolites which are
more universal (e.g. glucose), and are commonly identified in organisms such as plants, fungi, or
marine species.2 With millions of potential organisms to explore, the discovery and analysis of
biologically active natural products gives access to diverse chemical targets for drug candidates
and other applications. These natural resources also inspire chemists to study more complex
compounds and to develop more efficient methods for their synthesis. 3
There is a myriad of factors to consider when deciding how best to synthesize a target
molecule. First, there needs to be a feasible progression of reaction steps that will lead to the
desired product. Efficiency of a proposed synthesis must also be optimized, considering resources
(chemical and financial), time, and likelihood of success. A researcher must ensure that necessary
starting materials are commercially available and reasonably priced. The number of steps in a
synthesis must also be practical, and consolidation should be explored. The yields of the individual
steps within a synthesis are also a tangible measure of the efficacy of a chemical synthesis. A small
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yield in just one of the steps can pose a serious challenge as the yield compounds over the entirety
of the synthesis. Consequently, each step is critical in the success of the synthesis.
II. Research Objectives
This project focuses on expanding the scope of the ruthenium (Ru) catalyzed Alder-ene
reaction. This chemistry was developed by Barry Trost and has since been a subject of interest in
the Totah lab. Essentially, a Ru catalyst allows for carbon-carbon bond formation between an
alkene and an alkyne. If the alkyne is not symmetrical, it will form two different products
depending on which alkyne carbon attaches to the alkene. Different alkyne substituents (R and R’
in Scheme 1) and choice of solvent can produce regioselectivity in this Ru catalyzed Alder-ene
reaction and understanding this behavior makes the reaction more useful in synthesis.
Scheme 1

One important feature of this reaction is that it reduces waste since a small amount of the
ruthenium complex is used, and it is atom economic, meaning all of the atoms in the starting
materials are conserved in the final product. Additionally, the formation of the carbon-carbon bond
lends to the generation of interesting molecular scaffolds that could be used in synthesizing a
variety of natural products. Furthermore, the products contain a 1,4-diene, in which each of the
two double bonds possesses different reactivity. This difference increases the utility of these
products as synthetic intermediates because selective manipulation of the double bonds allows
greater versatility in producing natural product targets.
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More specifically, this project focuses on further exploring the reaction scope of the
ruthenium catalyzed Alder-ene reaction with both exocyclic enol ethers and simple alkenes.
Knowledge gained from these reactions may be applied to the development of efficient methods
for the synthesis of both oxygen heterocycles and acyclic compounds that incorporate a 1,4-diene
unit.

III. About the Ruthenium Catalyzed Alder-ene Reaction
Foundational work for the study of the Ru catalyzed Alder-ene reaction was done by Barry
Trost and his colleagues. Through a series of studies, Trost explored a variety of Ru catalyzed
reactions for their efficiency and selectivity, including alkene-alkyne coupling reactions. Trost
expressed interest in the atom economy of the Alder-ene reaction, which involves an alkene with
allylic protons (ene) 6 and an alkyne that acts as the enophile acceptor 5.4 This reaction results in
a 1,4-diene 7, which can be seen below in the most simplistic form (Scheme 2).
Scheme 2
+

H
5

R
6

H

R

7

Prior to Trost’s work with ruthenium-catalysts, palladium had been used to catalyze Alderene reactions. While it showed success in intra-molecular reactions, as in Scheme 3, it was not an
effective catalyst for inter-molecular reactions. Hence, exploration of the Ru catalyst seemed
valuable to inter- molecular reactions. 4

4
Scheme 3

While

various

ruthenium

catalysts

were

tested,

the

most

efficient

was

[CpRu(CH3CN)3]PF6, which was generally much more active than the palladium complexes under
typical conditions at room temperature in acetone or DMF. 4

Figure 1. Trost’s proposed mechanism for the Ru catalyzed Alder-ene reaction

According to Trost, the catalyst forms a cationic complex with the ene and enophile, which
catalyzes the alkene–alkyne coupling reaction. He was the first to explain how this could give rise
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to two regioisomeric products, a “branched” 141 and a “linear” 140 1,4-diene. Trost’s proposed
mechanism explaining the regioselectivity of the reaction based on the cationic Ru complex is
illustrated in Figure 1.4 Essentially, it is proposed that the alkene and alkyne are coordinated via
the formation of a ruthenacyclopentadiene, and it is the orientation of this coordination that
ultimately contributes to the regioselectivity and ratio of “branched” to “linear” product. This
coordination can be influenced by steric interactions between the substituents of the reagents or
polarity of the substituents. This step is followed by a beta-hydride elimination, at which point
steric interactions between the CpRu moiety and the R group on the alkyne can also influence
which product is formed. Finally, reductive elimination results in the two possible final products,
as well as regeneration of the catalyst.
For this reaction to be synthetically useful, the regioselectivity of the reaction under
different conditions and with a variety of reagents should be understood. To this end, Trost
established some general rules and hypotheses for the regioselectivity of the reaction. First, it was
determined that the reaction of unfunctionalized monosubstituted alkenes and alkynes favors the
so called “branched” product. For example, the reaction shown in Scheme 4 produced compounds
12 (branched) and 13 (linear) in a five to one ratio.
Scheme 4

6
Trost also determined that the use of acetone as a solvent generally doesn’t result in
regioselectivity, while DMF often favors the branched product. Furthermore, electron withdrawing
substituents on either the alkyne or alkene may influence selectivity. Polar functional groups near
the alkyne or alkene were found to favor linear products. The introduction of propargyl substituents
can also lead to lower amounts of branched products due to steric interactions.
After working with monosubstituted alkynes, Trost began to branch out with the use of
some disubstituted alkynes. The regioselectivity of these disubstituted compounds becomes more
complex, but if they are better understood, they could be instrumental in the synthesis of complex
natural products. An interesting case involving a disubstituted alkyne with both bulky and polar
groups is shown in Scheme 5.4
Scheme 5
CO2CH3
14

7

CpRu(CH3CN)3PF6 (10 mol%)
+

15

DMF, rt
OH

CO2CH3
7

HO

16

76%

The alkyne 15 was selected to test whether the propargyl tert-butyl group or the alcohol
would be a better directing group in the regioselectivity of the reaction. The product 16 directed
by the tert-butyl was favored 20:1, suggesting that steric hinderance at the propargyl position of
the alkyne has more of an impact on regioselectivity than the presence of the unhindered alcohol.
Interesting selectivity such as this, coupled with the efficiency of the Ru catalyzed Alder-ene
reaction established by Trost, led us to consider the use of different alkyne and alkene reagents.
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IV. Application of Exocyclic Enol Ethers in the Ru catalyzed Alder-ene Reaction
Utility of Exocyclic Enol Ethers
Based on the compounds Trost had used in his Ru catalyzed Alder-ene reactions, the Totah
lab developed a new application of the reaction, by using compounds called exocyclic enol ethers
as the alkene reagent. Exocyclic enol ethers are tetrahydropyran (THP) 17 derivatives, a simple
example being 2-methylenetetrahydropyran 18. Historically, exocyclic enol ethers have been used
in a wide variety of reactions, including addition, pericyclic, and radical reactions, and can be used
as electrophiles or nucleophiles.5 They are useful in generating derivatives of THPs in synthesis
of natural products due to their nucleophilic reactivity and ability to generate new carbon-carbon
bonds with an oxygen heterocycle.

THP structural features exist within many biologically active compounds that exhibit
properties such as antibacterial, anti-HIV, and anticancer activity. This activity makes these
compounds important targets for synthesis and finding effective methods to prepare them is of
great importance.6 Additionally, THP subunits are often embedded in more complex skeletons, so
the ability to form carbon-carbon bonds with them is especially useful. This will be relevant to the
purpose of this project’s research. Some examples of important biologically active natural products
containing THP subunits (19, 20, 21, 22, 23) are included below.
One example of a THP containing natural product is montanacin D 19, an acetogenin
compound isolated from an Annonaceae plant. The compound was first isolated in 1999 and has
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been synthesized previously by Qin, Chen et al. in 12 steps.7 Montanacin D shows significant
cytotoxicity and may have applications as an anticancer agent, immunosuppressant, or pesticide. 8
Ripostatin A 20 is another naturally occurring THP-containing molecule, and functions as an
antibacterial agent by inhibiting RNA polymerase. Ripostatins are polyene macrolactones that
were first isolated from myxobacterium Sorangium cellulosum. The mechanism for RNA
polymerase inhibition is unique, and it is hoped that derivatives of ripostatins could be used to
combat growing antibiotic resistance of pathogenic bacteria.9 In 2012, ripostatin A was
synthesized in 14 steps with a 5% yield by Tang and Prusov. 10
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Gambierol 21 is a polycyclic ether toxin that is excreted by the marine dinoflagellate,
Gambierdiscus toxicus. Additionally, gambierol has been synthesized previously in 44 steps with
a 1.2% yield.11 A fourth example of a significant THP-containing natural product is bryostatin-1
22, from bryozoan Bulgula neritina (a marine organism), that demonstrates anticancer activity,
anti-HIV activity, and potential as an anti-Alzheimer’s drug in phase trials. The compound acts as
an agonist of protein kinase C (PKC). In the case of anti-Alzheimer action, it is hypothesized that
the PKC activation induces the synthesis of proteins important to long term memory, thereby
restoring those proteins. Bryostatin-1 has been synthesized previously in 29 steps and with a 2%
yield.12 Finally, (+) - neopeltolide 23 is a new promising antitumoral agent discovered in a deepwater sponge part of the Neopeltidae family, just off the coast of Jamaica. 6 By inhibiting Complex
III of the electron transport chain in the mitochondria, the compound inhibits cell proliferation,
which could be valuable in preventing cancerous growth. The Lee group was able to synthesize
neopeltolide in 15 steps with a yield of 6%.6
Each of these THP-containing natural products possesses bioactivity that could be extremely
beneficial to the medical community. However, in many cases, these natural products cannot be
isolated in large enough quantities for research, so they must be synthesized in the lab if they are
going to be considered in pharmaceutical studies. Consequently, research into the mechanisms of
their synthesis are important, and specifically, discovery of methods for integrating the THP
subunit in the macromolecule is worthwhile. It was also illustrated that the total synthesis of any
one of these compounds requires a great number of steps, and consequently leads to small yields.
If the methods for synthesis of the THP components are improved upon, it would reduce the time
and resources necessary for their synthesis by reducing steps and maximizing the yield.
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Ongoing work in the Totah lab has shown the feasibility of using the Ru catalyzed Alderene chemistry to prepare dihydropyrans that contain a 1,4-diene from an exocyclic enol ether
starting material (Scheme 6). A variety of alkynes have been applied to the reaction (both
monosubstituted and disubstituted) to observe the scope and selectivity of the reaction.
Scheme 6

Previous work in the Totah lab has built upon Trost’s understanding of the Ru catalyzed
ene reaction to optimize the chemistry and explore the regioselectivity of the reaction. Mike
Robinson, a member of the Totah lab did significant work to optimize the conditions and test a
variety of reagents, especially alkynes. The highest yields were produced using acetone as a solvent
(although DMF was also used), a one to one ratio of alkyne to alkene at 0.1 molarity concentration,
and 10 mole percent of Ru catalyst. The addition of a 25 mole percent of barium oxide was also
found to increase the yield by preventing isomerization of the exocyclic enol ether to the
endocyclic form, and preventing hydrolysis of the product. The reaction was most successful after
one hour at room temperature.13 These conditions are exemplified in Scheme 7, which produced a
72 percent yield of both products 25 and 26 in a 1:1 mixture.

11
Scheme 7.

Some Results from the Totah Lab
To validate the viability of applying the exocyclic enol ether in the Ru catalyzed Alder-ene
reaction without the complications of regioselectivity, symmetrical alkynes were initially used.
The resulting products and yields from the reaction of several symmetrical alkynes derivative of
alkyne 27 are included below in Table 1 from Robinson’s work in the Totah lab.13
Table 1. Reactions of symmetrical alkynes13
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Once success with symmetrical alkynes was observed, Robinson reacted some
monosubstituted alkynes, and identified the ratios of regioisomeric products (Table 2). He
confirmed Trost’s findings that DMF favored the branched product 37 up to 25:1, opposed to no
selectivity in acetone with the OTBDPS protected alkyne. Entry 4 products 43 and 44 are the only
ones that demonstrated selectivity in acetone, favoring the branched product 2:1.
Table 2. Reaction Scope of Monosubstituted Alkynes

Mike also confirmed that the ratio of linear product was higher when bulky substituents
occupied the propargylic position on the alkyne, when paired with exocyclic enol ethers. For
example, when the reaction was run with a TMS group or a tertiary propargyl alcohol on the
alkyne, the products were nearly all linear with 36-56% yield of the linear product. 13

13
V. Scope of this Project
The first objective of this project was to build on Mike’s work with exocyclic enol ethers
in the Ru catalyzed Alder-ene reaction. We wanted to replicate some of his results with high
regioselectivity, as well as expand the scope of alkynes used. Additionally, this project explored
the possibility of using more complex alkynes (both monosubstituted and disubstituted) that hadn’t
been tried by Trost, coupled with simpler alkenes in the Alder-ene reaction. Similar to Trost’s
work, these reactions contribute to an understanding of the reaction selectivity and could provide
new methods for synthesizing natural products containing 1,4-dienes.
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Chapter 2: The Ru Catalyzed Alder-ene Reaction
I. Ru Catalyzed Alder-ene Reaction with an Exocyclic Enol Ether
The first objective of this research was to perform several Alder-ene reactions with an
exocyclic enol ether and both symmetrical and monosubstituted alkynes to produce variations of
compounds 3 and 4 in Scheme 8. Prior to performing the reactions of interest, the exocyclic enol
ether and alkynes of interest needed to be synthesized.

Scheme 8

Synthesis of the Exocyclic Enol Ether
The exocyclic enol ether 1 (6-methylene-2-propyl-2,3,4,5-tetrahydropyran) can be
synthesized in one step from a commercially available lactone 47. The petasis reagent (Cp2TiMe2)
46 was used in this reaction, which was prepared from titanocene dichloride 45 using methyl
lithium in toluene (Scheme 9). It was critical that anhydrous reaction conditions be maintained
during the preparation due to the pyrophoric nature of methyl lithium. Consequently, the toluene
was dried and distilled, and the reaction was kept under argon. The reaction product was also dried
with magnesium sulfate (MgSO4) and filtered prior to use. Petasis is also light sensitive, so it was
kept tented with foil when made and stored to prevent light from interacting with it.
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Scheme 9

Subsequently, the petasis reagent was used to convert the lactone 47 to an exocyclic enol
ether 1 (Table 3). Mechanistically, it is postulated that the Cp 2TiMe2 46 complexes with the
carbonyl on the lactone 47, followed by methyl transfer to the carbonyl. The formation of the enol
ether then results in the loss of methane and titanocene oxide. 14

Table 3. Exocyclic enol ether synthesis

Entry
1
2

Yield (Exocyclic)
0%
0%

3
4
5

22%
55%
63%

Product
All endocyclic 48
Crude yield 1; isomerized
to 48 in column
2:1, 1:48
All exocyclic 1
All exocyclic 1

One problem with this reaction, is that the double bond can be isomerized to generate the
endocyclic enol ether 48 in addition to the desired exocyclic enol ether 1, detectable by 1H NMR.
It took some time to optimize the reaction to prevent the isomerization, as shown in Table 3. This
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isomerization generally results from exposure to water. The first time that the reaction was
attempted in entry 1, the lactone and 2.4 molar equivalence of the petasis reagent were refluxed
overnight in distilled toluene under argon. However, only the endocyclic isomer was detectible in
the crude 1H NMR. The petasis had been dried with sodium sulfate, which is not as effective as
magnesium sulfate. In entry 2, the petasis was consequently dried with magnesium sulfate instead,
and the exocyclic enol ether was produced along with the endocyclic (4:1) based on the crude
yield, however the product isomerized entirely to the endocyclic product when purified via column
chromatography. The slight acidity of the silica gel can cause this isomerization, so the next time
the reaction was run (entry 3), the silica was soaked in a 20:1 solution of hexanes and triethylamine
prior to using it in flash chromatography to decrease the gel acidity. Similarly, the deuterated
chloroform used for preparing the NMR samples was run through a basic alumina plug to prevent
the product from isomerizing in the solvent. Finally, exocyclic enol ether 1 had been produced and
purified, although only in a two to one ratio with the endocyclic product. Entries 4 and 5 produced
the best yields and were entirely exocyclic. For these, extra care was taken to ensure the toluene
was freshly distilled, that the petasis was dry, and that the compound was quickly run through the
column to limit contact with the acidic environment. Long-term storage of the compound was also
avoided to prevent isomerization. When these precautions were taken, the exocyclic enol ether was
produced without any detectable endocyclic enol ether in 63% yield.
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Alkyne Synthesis
Two alkynes were synthesized from 5-hexyn-1-ol 49 for application in the Ru catalyzed
reaction. The first incorporated an acetate protecting group 50, and the second was protected with
tert-Butyl(diphenyl)silane 51.
Scheme 10
O

Ac2O
OH
49

TEA, DCM
0oC -rt, 4 h

O
50

89%

The acetylated alkyne 50 was produced first. 5-hexyn-1-ol was combined with acetic
anhydride in a solvent mixture of triethylamine (TEA) and dichloromethane (DCM) at a
concentration of 0.33 molarity (Scheme 10). The reaction was started in an ice bath, then warmed
to room temperature, and was kept under argon. After 4 hours, the reaction was complete, and the
product was purified in 89% yield.

Scheme 11

To prepare the monosubstituted alkyne 51, 5-hexyn-1-ol 49 was protected with tertButyl(chloro)diphenyl silane (TBDPSCl) (Scheme 11). The alcohol and TBDPSCl were combined
in a solvent mixture of triethylamine and dichloromethane, and a catalytic amount of 4-
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dimethylaminopyradine (DMAP) was added. The reaction was left to run at room temperature. A
68% yield of the protected alkyne 51 was successfully purified for use in the Alder-ene reaction.

II. Results from the Ru catalyzed Alder-ene with an Exocyclic Enol Ether
The first attempted reaction in this project used the alkyne, diphenylacetylene 29, which is
commercially available. The symmetry of diphenylacetylene produces one single product, as
shown in Scheme 12. Primarily, this reaction was used to test that the expected product 30 could
be performed prior to moving on to more complex reactions.
Scheme 12
Ph

Ph

CpRu(CH3CN)3PF6 (10 mol%)
BaO (50 mol%)

+
O

29

1

acetone, rt, 1 h

Ph
O
30

Ph

34%

Since this reaction had been successfully completed in the Totah lab, the procedure used
was based off previous group members’ optimized conditions. The conditions were kept
anhydrous, which required that the flask and stir-bar were oven-dried, the acetone was dried and
distilled prior to use, and the reaction was kept under argon. Previous work in the Totah lab also
recommended that the barium oxide (BaO) be dried in the oven prior to use. The order of addition
was also important; first the enol ether 1 and alkyne 29 were combined in acetone, and the Ru
catalyst and BaO were dissolved in acetone in a separate flask. Only then were all the reagents
combined for reaction at a concentration of 0.1 molarity in acetone. The reaction took place at
room temperature, under argon, and was stopped after 1 hour.
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The first attempt at this reaction was a success; the product 30 was obtained and purified
in 34% yield. At this point, the reaction seemed to be working as expected, so we decided to move
forward and test a new monosubstituted alkyne in the reaction. Work done in the Totah lab
suggested that monosubstituted alkynes reacted with the exocyclic enol ether give mixed products
of the “branched” and “linear” products. Also, different protecting groups are known to influence
the outcomes of the reaction. Therefore, we wanted to test the effect of an acetylated alkyne 50 in
the reaction.
The first time the reaction between the exocyclic enol ether 1 and alkyne 50 was tested, the
same reaction conditions were used as with the diphenyl acetylene (Table 4, entry 1). The alkyne
and alkene were added in a one to one molar ratio along with the Ru catalyst and BaO in the same
order as the previous reaction. After 1.3 hours, the reaction was stopped, but there were starting
materials in the 1H NMR, as well as an unidentified side product.

Table 4. Ru catalyzed Alder-ene reactions between the exocyclic enol ether and acetylated alkyne

Entry

Scale (mg)

Additional Reagent

Time

Yield

1

48

BaO (50 mol%)

1.3 hours

0%

2

28

BaO (50 mol%)

2.5 hours

0%
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The reaction was repeated, but over 2.5 hours instead of 1.3 in hopes of allowing the
starting materials to fully react. Again, neither of the expected products 52 or 53 formed (entry 2).
The first monosubstituted alkyne tested 50, didn’t result in the expected product, but the activity
of the acetate protecting group was also uncertain. 1H NMR analysis revealed that some of the
starting material remained after 1.3 hours and 2.5 hours, but the majority of the reaction product
seemed to be the result of reagent decomposition. It seemed plausible at the time that the alkyne
50 was not conducive to use in the Ru catalyzed Alder-ene, and that different monosubstituted
alkynes should still be explored. Alkyne 51 was known to work in the reaction, but questions
remained about its regioselectivity, so we wanted to replicate its application in the reaction.

Table 5. Ru cat. Alder-ene reaction of the exocyclic enol ether and alkyne 51

Entry

Scale (mg)

Additional Reagents

Time

1

22

BaO (60 mol%)

2 Hr

2

48

BaO (25 mol%)

1 Hr

3

59

K2CO3 (25 mol%)

1 Hr

4

27

No BaO or K2CO3

1 Hr
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The first time the reaction was performed using the alkyne 51, the same conditions were
used except slightly more BaO was added (entry 1, Table 5). Newly purchased acetone was also
dried and distilled for this reaction. The TLC indicated that there was still starting material in the
reaction after one hour, so it was allowed to react for two hours. However, neither of the expected
products formed 54 or 55, rather the reagents appeared to decompose in the presence of the
catalyst.
Since this reaction had been successfully done before in the Totah lab, we looked back at
the exact conditions that had been used previously. One discrepancy with the procedure used in
entry 1, was the amount of BaO used, and the time it was dried in the oven. In entry two, the
amount of BaO was decreased to match the 25 mol% ratio that was found in the reference, and it
was dried significantly longer (a week rather than 15 minutes) in the oven. Unfortunately, these
adjustments still did not give the product.
Earlier reactions in the Totah lab also showed that potassium carbonate (K2CO3) could be
used in place of BaO, or alternatively the reaction could be done without either additive,
historically the yields of those reactions were just not as high. To test whether the BaO might be
causing the reaction issues, it was replaced with K2CO3 in entry 3. This didn’t make a difference,
so the reaction was attempted again without either BaO or K2CO3 in entry 4. Unfortunately, this
did not change the result, as the 1H NMR showed the same unexpected products as the other
attempts.
Finally, the quality of the Ru catalyst was brought into question. To find out whether or
not the catalyst was still good, we wanted to try it in a known system. A simple Ru catalyzed
reaction was chosen from a Trost publication for replication.15 1-octyne 56 and 5-hexen-1-ol 57
were combined in acetone with 30 mol% of the Ru catalyst (Scheme 13). The reaction was run at
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room temperature for 20 hours under argon, and the products were purified with flash column
chromatography.
Scheme 13

On the first attempt, the alkene and alkyne successfully reacted with a 76% yield of
compounds 58 and 59 in a 3 to 1 ratio. Based on the work done by Trost, this selectivity was
expected, as he got a similar ratio with four to one of the branched to linear products. 15
Additionally, the high product yield indicated that the age or quality of the Ru catalyst was not the
source of error in the enol ether reactions. In fact, this positive result was encouraging in the pursuit
of other Ru catalyzed reactions.
At this point, the alkyne and barium oxide had been manipulated, and the catalyst tested,
but none of these adjustments resulted in the formation of the expected products. It was unclear
what the problem might have been, especially since the same reaction with the same conditions
had been successfully performed before. One consideration was that the reactions with the
exocyclic enol ether involved equivalent molar quantities of the enol ether and the alkyne, whereas
the straight-chain reaction in Scheme 13 used a five to one excess of the alkene 57. As a result,
something we would like to try in the future, is using the exocyclic enol ether in excess. Another
difference between the procedure used with the exocyclic enol ether and that of the linear alkene
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was that the latter reaction used 30 mol% of the catalyst, opposed to 10 mol%. The reaction with
the exocyclic enol ether may be more successful if a larger amount of the catalyst is used.

III. Ru Catalyzed Alder-ene Reactions with Complex Alkynes
In addition to the reactions with exocyclic enol ethers, we wanted to test a variety of more
complex alkynes in the Ru catalyzed reaction by pairing them with a simple alkene. The alkynes
chosen for this experiment hadn’t been used previously, so we wanted to determine first if they
were feasible to use in the reaction, and second if they demonstrated selectivity. The alkynes of
interest were synthesized by members of the Clark lab at Syracuse University, and 1-octene 60
was used as the alkene in the reaction, which is commercially available. Scheme 14 shows the
general Alder-ene reaction of variable alkynes 60, paired with the 1-octene 2, to produce the two
regioisomers 61 and 62.
Scheme 14

A couple different monosubstituted alkynes were used; the first 61 had an alcohol
substituent, while the other 62 was protected with a THP group. The THP group was tested
alongside the free alcohol because we were uncertain about the alcohol’s activity in the reaction.
In the first reaction, shown in Scheme 15, a one to five ratio of the alkyne 63 and 1-octene
60 were combined in distilled acetone along with the Ru catalyst (30 mole percent of the alkyne).
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The reaction was run at room temperature under argon. Thin layer chromatography (TLC) showed
that there was no remaining alkyne in the reaction mixture after just an hour and a half, so the
reaction was stopped by filtering out the catalyst with a short silica plug. Once the solvent was
removed, the crude 1H NMR showed the expected products, along with the excess alkene used.
Conveniently, we were able to remove the alkene just by evaporation using a high-vacuum. Other
impurities were removed by flash column chromatography, resulting in a 46% yield of the
branched 64 and linear 65 products.
Scheme 15

Judging by the formation of the products, the free alcohol didn’t seem to pose any problems
in completion of the reaction. Additionally, analysis of the crude 1H NMR indicated that there was
a one to one ratio of the branched 64 and linear 65 products, so no regioselectivity was
demonstrated in the reaction. It was expected that that alcohol would encourage the formation of
the linear product, rather than the branched, so the lack of selectivity was interesting. The alcohol
was not propargylic, so that may have reduced the directivity of the group. The reaction was also
done in acetone, which is known to reduce selectivity. In the future, the reaction should be
attempted in DMF to see if that impacts the selectivity.
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Scheme 16

The THP-protected alkyne 66 was also reacted with 1-octene 60 under the same conditions,
but the reaction went longer (3 hours) than before (Scheme 16). In this case, the branched 67 and
linear 68 products were both observed, but there were also two diastereomers evident in the crude
1

H NMR, for a total of four different products. The high quantity of overlapping peaks due to the

number of products and the protons on the THP group made it difficult to decipher selectivity.
Judging by the crude 1H NMR, it appeared that the linear product 68 was slightly favored (3:2). It
was expected that the bulky nature of the phenyl group and the THP group would contribute to
steric hinderance in the Ru complexing intermediate, which would favor the linear product 68. The
presence of the polar ether would also lend to the favorability of the linear product 68. Since the
reaction with the free alcohol was successful, there would be no need to utilize the THP-protecting
group in future experiments. This would eliminate both the confusion of the diastereomers, and
the addition of proton peaks from the THP group when analyzing the 1H NMR.
Once these reactions had successfully been performed, there were a couple disubstituted
alkynes we wanted to try. One of these alkynes 69 had a tert-butyl silyl substituent on one side and
a phenyl group on the other. Both of these groups are bulky, so it wasn’t clear which of the
regioisomers would be favored, if either. As before, a one to five ratio of the alkyne 69 and 1octene 60 were combined with the catalyst in acetone. The reaction was stopped at 1.5 hours as in
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the first reaction, at which point the TLC indicated that no more alkyne remained in the reaction
mixture.
Scheme 17

The crude H1 NMR indicated that the major product was compound 71 in a 3:1 ratio. This
selectivity is interesting because it indicates that the OTBS group is a better directing group than
the propargyl phenyl group in determining selectivity. It would be worth replicating this reaction
to confirm the regioselectivity, and then trying the reaction in DMF to see what kind of selectivity
is produced under more polar conditions.
Scheme 18

Finally, the disubstituted alkyne 72 was applied to the Ru catalyzed reaction under the same
conditions as before. Judging by the ratio of products in the crude 1H NMR, product 74 was favored
over product 73 in a ten to one ratio. An image of this crude spectrum is shown below to illustrate
how this and the other ratios were extrapolated.
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74 H

73 H

Essentially, the two regioisomers can produce proton peaks that are slightly offset for the
two different compounds. Above, the red hydrogen atoms in compounds 73 and 74 correspond to
the two doublets pointed out in the spectra. Both of the doublets were integrated, and the ratio of
the integrals were translated to the ratio of products (10:1).
This favorability of compound 74 could be explained by Trost’s findings that propargylic
substituents on the alkyne tend to direct bond formation at the other side of the alkyne. In this case
the side of the alkyne with just a methyl group is less hindered than the combination of substituents
on the other side of the alkyne, including the propargylic methyl group. Additionally, the polar
alcohol group near the alkyne may have been directing the bond formation. However, given the
resulting one to one ratio of the first reaction with alkyne 63, which had an alcohol at the same
position, this is unlikely. After comparing these two different reactions (Scheme 15 and Scheme
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18), the selectivity shown in the later reaction seems to depend solely on the propargylic methyl
group on alkyne 72.

IV. Conclusions and Future Work
There was a large breadth of alkyne and alkene couplings attempted in this project via the
Ru catalyzed Alder-ene reaction. Even though the results of these reactions were mixed, the scope
of the reaction was expanded by trying new combinations of reagents. Most notably, several
complex alkynes were successfully used in this reaction for the first time and showed some
interesting regioselectivity.
Reactions with the exocyclic enol ether 1 gave mixed results; but success with
diphenylacetylene 29 was achieved. A systematic evaluation of the reagents was performed, but it
remains unknown why the reactions with monosubstituted alkynes did not give the expected
products. Based on the success of the later reaction with simple alkenes, we think that increasing
the ratio of exocyclic enol ether to five to one could cause the reactions with monosubstituted
alkynes to work. The reactions with the exocyclic enol ether could also be tried with a larger
amount of catalyst, based on the increased amount used in the reactions of simple alkenes.
Additionally, several monosubstituted alkynes were successfully coupled with simple
alkenes in the Alder-ene reaction. For example, the reaction of 5-hexen-1-ol and 1-octyne was
successfully performed in 76% yield. This was higher than the yield published in the reference
paper (57%)15 and the 1H NMR of the product indicated some selectivity, with the branched
product 58 was favored in a 3:1 ratio.

29
More complex monosubstituted alkynes 63 and 66 paired with 1-octene were also proven
to be applicable in the Ru catalyzed reaction. Surprisingly, alkyne 63 showed a lack of selectivity,
despite the presence of an alcohol near the alkyne, which invites further investigation. Compared
to the monosubstituted alkynes, the disubstituted compounds produce even more complicated
structures, and predicting their selectivity can be less straightforward. Consequently, the successful
reaction of disubstituted alkynes 69 and 72 with 1-octene was significant. The selectivity of the
reaction of alkyne 72, giving a ten to one ratio of products 74:73 was especially noteworthy. Not
only was this selectivity greater than that of the other tested alkynes, but it is high enough to justify
use in a larger synthesis. As a whole, these reaction results contribute to knowledge surrounding
the functionality and selectivity of the Ru catalyzed Alder-ene reaction.
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Chapter 3: Experimental
I. General Methods
Air sensitive reactions were performed in oven dried glassware under an argon atmosphere.
Solvents (acetone, toluene, and dichloromethane) were dried over CaH 2 and distilled just prior to
use. All other reagents were “reagent grade” and were purified as necessary. Analytical thin layer
chromatography was performed on EM silica gel 60 F254 glass plates (0.25 mm). Flash column
chromatography was performed using SilicaFlash P60 silica gel (40-63 µm) from SiliCycle, Inc.
A Bruker Advance DPX-300 (300 MHz) or Bruker ASCEND-400 (400 MHz) spectrometer was
utilized for acquisition of 1H NMR spectra. Chemical shifts are reported in ppm, downfield from
tetramethylsilane using residual CHCl3 (δ 7.27 ppm) as the internal standard.
II. Experimental Procedures

Dimethyl titanocene (petasis) 41: Titanocene dichloride 45 (3.00g, 12.1 mmol) was diluted with
40.2 mL of toluene and cooled to 0oC in an ice bath. Methyl lithium (18 mL, 28.9 mmol) was
slowly added to the mixture. The syringe was immediately rinsed with hexanes into isopropanol.
This waste solution was quenched with three drops of water. The reaction flask was tented with
foil and left to stir under argon for an hour. The mixture was then warmed to room temperature,
washed with saturated ammonium chloride (40 mL x 2), dried over magnesium sulfate, and

1

Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 1990, 112 (17), 6392–6394.
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vacuum filtered. The solvent was removed in vacuo to the desired volume and concentration (24.1
mL, 0.5 M), giving a red-orange solution.

2.4 eq. CpTiMe2
O

O

47

toluene
60oC, 22 h

O
1

Exocyclic enol ether 12: Dimethyl titanocene 46 (10.7 mL, 5.35 mmol) was added to a solution
of δ-octalactone 47 (0.317g, 2.23 mmol) in toluene (5.2 mL). The resulting solution was refluxed
at 60oC under argon for 22 hours. The flask was tented with foil to keep out light. The reaction
was cooled and concentrated to a gel-like consistency in vacuo. Hexanes (30 mL) were added to
the gel, and the solution was cooled in the freezer for 3 hours. The solution was then filtered
through a small plug of celite, and cold hexanes were used to rinse the flask and celite. Solvent
was removed from the filtered solution in vacuo. The residue was purified by flash
chromatography (SiO2, hexanes: triethylamine, 20:1) to provide the exocyclic enol ether (197 mg,
63%) as a yellow oil. The silica used for flash chromatography was soaked in a 10:1 solution of
hexanes and triethylamine for 30 minutes prior to use. CDCl 3 used for diluting the 1H NMR sample
was filtered through basic alumina. TLC: Rf = 0.815 (hexanes: ethyl acetate, 5:1). 1H NMR (400
MHz, CDCl3): δ = 0.92-0.95 (3H, t, J = 7.1 Hz), 1.26-1.84 (8H, m), 2.09-2.27 (2H, m), 3.56-3.62
(1H, m), 4.04 (1H, s), 4.30 (1H, s).

Robinson, M. New Carbon-Carbon Bond-Forming Reactions of Endocyclic and Exocyclic Enol Ethers,
Syracuse University, 2017.
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Ph

Ph

CpRu(CH3CN)3PF6 (10 mol%)
BaO (50 mol%)

+
O

29

Enol ether 30

1
2

Ph
O
30

acetone, rt, 1 h

Ph

: Pentamethylcyclopentadienyltris (acetonitrile)ruthenium(II) hexafluoro-

phosphate (8.56 mg, 0.020 mmol) and oven dried barium oxide (15.1 mg, 0.100 mmol) were
combined in a flask under argon and dissolved in acetone (1 mL). The exocyclic enol ether 1
(31.0 mg, 0.197 mmol) and diphenylacetylene 29 (16.6 mg, 0.197 mmol) were combined in a
separate flask with acetone (0.9 mL). The enol ether/ alkyne mixture was then added to the
solution containing the catalyst. The resulting mixture was stirred at room temperature under
argon for one hour. Two drops of triethylamine were added to the mixture, which was then stirred
for five minutes. The resulting solution was filtered through a short plug of celite and the solvent
was removed in vacuo; finally, under high vacuum. The residue was purified by flash
chromatography (SiO2, hexanes: triethylamine, 40:1) to provide the enol ether product 30 as a
brown oil (21.0 mg, 34%). TLC: Rf = 0.930 (hexanes: ethyl acetate, 10:1) 1H NMR (400 MHz,
CDCl3): δ = 0.83-0.95 (3H, t), 1.37-1.59 (4H, m), 1.61-1.81 (2H, m), 1.94-2.04 (2H, m), 3.15
(2H, d, J =3.5 Hz), 3.67-3.73 (1H, m), 4.50 (1H, t), 6.51 (1H, s), 6.93-7.55 (10H, m).

O

Ac2O
OH
49

TEA, DCM
0oC -rt, 4 h

O
50

5-hexyn-1-yl acetate 50: 5-hexyn-1-ol 49 (0.506 g, 5.16 mmol) was added to a solution of
triethylamine (1.4 mL) and dichloromethane (15.5 mL). The mixture was cooled to 0 oC in an ice
bath before adding acetic anhydride (0.54 mL, 5.67 mmol) dropwise, and then 4-
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dimethylaminopyridine (0.063 g, 0.516 mmol). The resulting mixture was warmed to room
temperature and stirred under argon for 4 hours. Saturated, aqueous ammonium chloride was added
to the reaction mixture, and the organic and aqueous layers were separated. Additional
dichloromethane was used to extract the aqueous layer. The combined organics were washed once
with sodium bicarbonate, then dried over magnesium sulfate, filtered, and then solvent was
removed in vacuo. The residue was purified by flash chromatography (SiO2; hexanes: ethyl
acetate, 7:1) to provide the acetate 50 (0.643g, 89%) as a colorless oil. TLC: Rf = 0.538 (hexanes:
ethyl acetate, 2:1). 1H NMR (400 MHz, CDCl3): δ = 1.56-1.64 (2H, m), 1.72-1.79 (2H, m), 1.951.97 (1H, t, J = 2.6 Hz), 2.05 (3H, s), 2.21-2.26 (2H, td, J = 7.0, 2.6 Hz), 4.07-4.10 (2H, t, J= 6.5).

5-hexyn-1-tert-butyl(diphenyl)silyl 51: Dichloromethane (3.5 mL) and triethylamine (0.4 mL)
were added to 5-hexyn-1-ol 49 (0.230 g, 2.34 mmol). Separately, tert-butylchlorodiphenylsilane
(0.728 g, 2.65 mmol) was combined with 4-dimethylaminopyridine (0.089 g, 0.728 mmol) in
dichloromethane (3.8 mL). The two mixtures were combined and stirred at room temperature,
under argon, for 20 hours. The resulting mixture was rinsed with water (15 mL x 2), then the
organics were dried over sodium sulfate, filtered, and solvent was removed in vacuo. The residue
was purified by flash column chromatography (SiO2, dichloromethane: hexanes, 3:1) to produce
the alkyne 51 as a colorless liquid (0.537g, 68%). TLC: Rf = 0.630 (hexanes: ethyl acetate, 5:1).
1

H NMR (400 MHz, CDCl3): δ = 1.08 (9H, s), 1.60-1.75 (4H, m), 1.95-1.97 (1H, t, J = 3.4 Hz),

2.21-2.24 (2H, m), 3.69-3.72 (2H, t, J = 5.9 Hz), 7.39-7.45 (6H, m), 7.68-7.70 (4H, m).
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Dienes 58 and 59 3: To a solution of 1-octyne 56 (75.5mg, 0.685 mmol) and 5-hexen-1-ol 57
(0.336g, 3.36 mmol) in acetone (4.5 mL) was added pentamethylcyclopentadienyltris(acetonitrile)
ruthenium(II) hexafluorophosphate (85.4mg, 0.197mmol). The resulting mixture was stirred under
argon at room temperature for 20 hours, then filtered through a short plug of silica, and the solvent
removed in vacuo. The residue was purified by flash chromatography (SiO 2, hexanes:ethyl acetate,
5:1) to give dienes 58 and 59 as a colorless oil. (109 mg, 76%). Crude H NMR showed these
compounds were formed in a 3:1 ratio of 58:59. TLC: Rf = 0.407 (hexanes: ethyl acetate, 5:1). 1H
NMR (300 mHz, CDCl3): Compound 58 δ = 0.88 (3H, t), 1.25-1.38 (8H, m), 1.55- 2.12 (3H, m),
1.97- 2.12 (4H, m), 2.68 (2H, d, J = 3.8 Hz), 3.64-3.68 (2H, t, J = 6.5 Hz), 4.72 (2H, d, J = 0.9
Hz), 5.38-5.48 (2H, m). Compound 59 δ = 0.88 (3H, t), 1.25-1.38 (8H, m), 1.55- 2.12 (3H, m),
1.97- 2.12 (4H, m), 2.68 (2H, d, J = 3.8 Hz), 3.64-3.68 (2H, t, J = 6.5 Hz), 5.38-5.48 (4H, m).

Dienes 64 and 65: To a solution of alkyne 63 (53.6 mg, 0.367 mmol) and 1-octene 60 (208 mg,
1.85

3

mmol)

in

acetone

(2.4

mL)

was

added

Trost, B. M.; et al. J. Am. Chem. Soc. 1995, 117 (2), 615–623.

pentamethylcyclopentadienyltris
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(acetonitrile)ruthenium(II) hexafluorophosphate (47.0 mg, 0.108 mmol). The resulting mixture
was stirred under argon at room temperature for 1.5 hours, then filtered through a short plug of
silica, and the solvent removed in vacuo; finally under high vacuum. The residue was purified by
flash chromatography (SiO2, hexanes:ethyl acetate, 10:1) to give dienes 64 and 65 as a colorless
oil (46 mg, 49%). Crude 1H NMR showed these compounds were formed in a 1:1 ratio. TLC: R f
= 0.475 (Hexanes: EtOAc, 5:1, p-anisaldehyde stain). 1H NMR (400 mHz, CDCl3): Compound 64
δ = 0.81-0.92 (3H, t, J= 6.9 Hz), 1.22-1.44 (6H, m), 1.95- 2.09 (2H, m), 2.35- 2.52 (2H, m), 2.752.78 (2H, t, J = 5.3 Hz), 4.80-4.86 (1H, m), 4.93 (1H, s), 4.98 (1H, s), 5.39-5.62 (2H, m), 7.217.38 (5H, m). Compound 65 δ = 0.81-0.92 (3H, t, J= 6.9 Hz), 1.22-1.44 (6H, m), 1.95- 2.09 (2H,
m), 2.35- 2.52 (2H, m), 2.68-2.73 (2H, t, J = 5.3 Hz), 4.67-4.73 (1H, m), 5.39-5.62 (4H, m), 7.217.38 (5H, m).

Dienes 67 and 68: To a solution of alkyne 66 (76.0 mg, 0.330 mmol) and 1-octene 60 (189 mg,
1.634

mmol)

in

acetone

(2.2

mL)

was

added

pentamethylcyclopentadienyltris

(acetonitrile)ruthenium(II) hexafluorophosphate (43.0 mg, 0.099 mmol). The resulting mixture
was stirred under argon at room temperature for 3 hours, then filtered through a short plug of silica,
and the solvent removed in vacuo; finally under high vacuum. The residue was purified by flash
chromatography (SiO2, hexanes:ethyl acetate, 20:1) to give dienes 67 and 68 as a brown oil (70.1
mg, 62%). Crude 1H NMR showed these compounds were formed in a 2:3 (67:68) ratio. TLC:
Rf = 0.625 (hexanes: ethyl acetate, 5:1). 1H NMR (400 MHz, CDCl3): Compound 67 δ = 0.88-0.93
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(3H, t), 1.21-1.40 (4H, m), 1.45- 1.60 (4H, m), 1.64- 1.75 (1H, m), 1.75-1.92 (1H, m), 2.18-2.20
(2H, d, J = 1.9 Hz), 2.32-2.74 (2H, m), 3.20-3.34, 3.86-4.10 (1H, m), 3.42-3.16 (1H, m), 4.54-4.73
(1H, m), 4.78-4.85 (2H, m), 5.30-5.49 (2H, m), 5.92-6.06 (1H, m), 7.27-7.43 (5H, m). Compound
68 δ = 0.88-0.93 (3H, t), 1.21-1.40 (4H, m), 1.45- 1.60 (4H, m), 1.64- 1.75 (1H, m), 1.75-1.92 (1H,
m), 1.92-2.11 (2H, m), 2.32-2.74 (2H, m), 3.20-3.34, 3.86-4.10 (1H, m), 3.42-3.16 (1H, m), 4.374.49 (2H, s), 4.54-4.73 (1H, m), 4.78-4.85 (1H, m), 5.30-5.49 (2H, m), 5.50-5.62 (1H, m), 7.277.43 (5H, m).

Dienes 70 and 71: To a solution of alkyne 69 (58.6 mg, 0.213 mmol) and 1-octene 60 (119 mg,
1.06

mmol)

in

acetone

(1.4

mL)

was

added

pentamethylcyclopentadienyltris

(acetonitrile)ruthenium(II) hexafluorophosphate (27.0 mg, 0.0062 mmol). The resulting mixture
was stirred under argon at room temperature for 1.5 hours, then filtered through a short plug of
silica, and the solvent removed in vacuo; finally under high vacuum. The residue was purified by
flash chromatography (SiO2; hexanes: ethyl acetate, 20:1) to give dienes 70 and 71 as a dark
orange oil (36 mg, 44%). Crude 1H NMR showed these compounds were formed in a 3:1 (71:70)
ratio. TLC: Rf = 0.781 (Hexanes: ethyl acetate, 5:1). 1H NMR (400 MHz, CDCl3): Compound 70
δ = 0.00-0.08 (6H, m), 0.85-0.92 (12H, m), 1.11-1.12 (3H, d, J= 6.0), 1.18-1.41 (6H, m), 1.942.05 (2H, m), 2.10-2.56 (2H, m), 2.86-2.87 (2H, m), 4.05-4.08 (1H, m), 5.38-5.51 (2H, m), 6.36
(1H, s), 7.13-7.39 (5H, m). Compound 71 δ = 0.00-0.08 (6H, m), 0.85-0.92 (12H, m), 1.06-1.07
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(3H, d, J= 6.1), 1.18-1.41 (6H, m), 1.94-2.05 (2H, m), 2.10-2.56 (2H, m), 2.98-3.00 (2H, m), 3.733.81 (1H, m), 5.38-5.51 (3H, m), 7.13-7.39 (5H, m).

Dienes 73 and 74: To a solution of alkyne 72 (31.4 mg, 0.180 mmol) and 1-octene 60 (97.0 mg,
0.864

mmol)

in

acetone

(1.2

mL)

was

added

pentamethylcyclopentadienyltris

(acetonitrile)ruthenium(II) hexafluorophosphate (23.5 mg, 0.054 mmol). The resulting mixture
was stirred under argon at room temperature for 1.5 hours, then filtered through a short plug of
silica, and the solvent removed in vacuo; finally under high vacuum. The residue was purified by
flash chromatography (SiO2; hexanes: ethyl acetate, 10:1) to give dienes 73 and 74 as a colorless
oil (16 mg, 31%). Crude 1H NMR showed these compounds were formed in a 10:1 (74:73) ratio.
TLC: Rf = 0.470 (hexanes: ethyl acetate, 5:1). 1H NMR (400 mHz): Compound 73 δ = 0.88-0.92
(3H, t, J=6.9 Hz), 1.01-1.03 (3H, d, J = 6.7 Hz), 1.22- 1.38 (6H, m), 1.43- 1.44 (3H, d, J = 1.3),
1.94-1.99 (2H, m), 2.56-2.58 (2H, d), 2.73-2.79 (1H, m), 4.54-4.56 (1H, d, J = 7.0), 5.20-5.36 (3H,
m), 7.24-7.33 (5H, m). Compound 74 δ = 0.88-0.92 (3H, t, J=6.9 Hz), 1.01-1.03 (3H, d, J = 6.7
Hz), 1.22- 1.38 (6H, m), 1.43- 1.44 (3H, d, J = 1.3), 1.94-1.99 (2H, m), 2.56-2.58 (2H, d), 2.732.79 (1H, m), 4.51-4.52 (1H, d, J = 6.5 Hz), 4.94-4.97 (1H, dd, J = 9.7, 1.2 Hz), 5.20-5.36 (2H,
m), 7.24-7.33 (5H, m).
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